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Abstract 

This report reviews the design, fabrication, and testing of a pulsed, re- 
entrant, M-type backward-wave oscillator (BWO). The tube utilizes a crossed- 
field gun which feeds the beam axially into the intereaction region, and thus 
offers a degree of isolation between the gun and the wave structure. The per- 
iodic circuit used in this device is an interdigital delay line. Coupling to 
the external waveguide is accomplished by the use of tapered sections at both 
ends of the periodic structure. 
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STUDY OF AN M-TYPE BACKWARD-WAVE OSCILLATOR 
UTILIZING AXIAL BEAM INJECTION 

INTRODUCTION 

The purpose of this internal program was to conduct an investigation 
on the feasibility of designing and constructing a pulsed, crossed-field, 
backward-wave oscillator (BWO) that would utilize axial beam injection. This 
report will review and discuss the design procedure, the fabrication of the 
experimental tube, and the test results achieved. 

DISCUSSION 

T.e original specifications for the BWO included a power output of 150 kw 
at a 0.001 duty cycle. The device was to operate over a frequency range of 
8500 to 10,500 Mc at an efficiency equal to or higher than 20^. A crossed- 
field tube having a circular geometry was chosen for this study in order to 
meet the above requirements. A reentrant structure was chosen for the design 
because it is more easily fabricated and it makes more efficient use of the 
electron stream. However, a disadvantage of this system is that the bunched, 
reentrant beam may create undesirtd oscillations. The risk of oscillations 
is decreased by the use of a drift space near the output of the RF circuit. 
In addition, electrons emitted in the attenuating region will tend to smear 
the bunching pattern. 

The structure was designed to use axial beam injection similar to that 
used in the General Electric voltage-tunable magnetron, except that this de- 
vice would operate at higher d-c voltages and at a higher current. Hei-e, the 
impedance of the accelerator is relatively high, thus it draws only a small 
current. Axial beam injection was chosen since a lower power driver could 
operate the device.  It is also possible to obtain more current from such a 
tube than in sole-emitting devices since its axial dimension is not limited 
to a quarter-wave length.  Frequency varies as a function of sole-to-line 
voltage, whereas power output is relatively insensitive to changes in this 
voltage. 

In sole-emitting tubes, the pole pieces required for producing the ap- 
propriate magnetic field are often an integral part of the device. However, 
in this device, an external electromagnet was used to provide the necessary 
field to the tube. Thus, no magnetic parts were incorporated internally 
since this would only tend to distort the field. An advantage to this ar- 
rangement is there is less danger in handling the tube near high magnetic 
fields. 

SlowMVave Structure 

Circuit Design 

The proper choice of design for the slow-wave structure and the care 
taken in the fabrication of the designed circuit are critical fa-tors In 



determining how successfully a tube will operete. An interdigital delay line 
was chosen for this device because of the relative ease of construction and 
its desirable bandwidth, impedance, and thermal characteristics. The inter- 
digital structure was originally designed to operate from 10.5 kMc to as low 
a frequency as possible. The upper cut-off frequency, designated fhco, was 
set to a value greater than f^, the upper end of the operating frequency range 
of the device. The lower cut-off frequency, fico, was set as close to zero 
as possible. In order to achieve this, it was planned to replace the support- 
ing metallic back wall with a ceramic back wall. The lengths of the fingers 
of the line were set at less than 'XmlnA, where ^min is the shortest wave 
length in the intended tuning range of the M-type BWO. 

In order to determine the other dimensions of the line, the dissipation 
of the individual fingers was considered. The possible use of one of three 
materials was explored; these were: copper, molybdendum, and tungsten. Using 
the equation 

AT^-^-, (1) 

where AT is the rise in temperature, 

Kj is a constant which is proportional to the power bombarding 
a surface and related to the line dimensions, and 

k is the thermal conductivity of the material being considered. 

Taking into consideration the melting temperature and vapor pressure of these 
materials, the following was concluded: For a given applied power to the 
fingers of a line of the same over-all dimensions, tungsten has the most de- 
sirable characteristics and molybdenum the least, with regard to melting and 
vapor pressure. Although tungsten has favorable thermal and electrical char- 
acteristics, it is extremely difficult to machine and thus was not used in 
this program. 

Molybdenum, which is somewhat more ductile than tungsten, would be eas- 
ier to work. Its machining characteristics can be compared to cast iron. 
This material was eliminated as a candidate at this time because of its some- 
what less favorable dissipation and vapor pressure characteristics, coupled 
with the fact that its electrical conductivity is approximately one third 
that of copper. However, if necessary, conductivity could be improved by 
copper-plating the molybdenum structure. 

OFHC copper is difficult to work with due to its excessive ductility. 
However, this material was chosen because of its other advantageous physical 
properties, plus the fact that considerable fabrication experience was gained 
with copper from other work with similar type tubes. 

In order to determine the finger dimensions, the following equation 
was used: 



where 

AT is the difference in temperature in degrees C between the melt- 
ing point of copper and the temperature at the base of the 
finger, whioh is watei^-cooled to below 100oCj 

L is the length of the finger in meters; 

A is the cross-sectional area of the finger in square metersi 

PQI is the power dissipation of a finger in watts; and 

k is the coefficient of thermal conductivity. 

A reasonable estimate is made of the maximum power which might be dissipated 
on any one finger of the line. In the case of this device, it was approxi- 
mately 75 watts. Equation (2) is solved for the area, and then by assuming 
one of the dimensions, the other dimension may be found. 

Phase D?IaY Factors 

The delay factor over the band is given by 

v = * "pT "" p » '3) 

where  c is the velocity of light in meters; 

v is the phase velocity in meters; 

X is the operating free space wave length in meters, 

p is the pitch between adlacent fingers in meters; and 

L is the length of delay line finger in meters. 

A graph of the delay ratio of the circuit under consideration versus the 
wave length is shown in Figure 1. As can be noted, the delay ratio increases 
the wave length; thus, the phase velocity increases with frequency. Under 
oscillation conditions, the phase velocity is synchronous with the electron 
velocity. The electron velocity is directly proportional to the electric 
field between the sole and the delay line, and inversely proportional to the 
magnetic field.  It is expressed by 

ve = E/B , U) 

where  ve is the electron velocity in meters: 

E is the field between the delay line and sole in volts neter; and 

B is the orthogonal magnetic field in webers/meters". 



Using the expressions for phase and electron velocity, one obtains the 
equation relating frequency to the sole-to-line voltage. 

f   = 
V
S1 

2pBd (1+ L/c Vsl/pBd) (5) 

where 
f   is the frequency in cycles per second, 

VS2  is the sole-to-line voltage in volts, and 

d   is the distance from the sole to the line in meters 
(other parameters as previously defined). 

Figure 2 shows the theoretical curve relating frequency to tuning voltage. 

Delay Line Considerations 

The sole, an electrode which is used for establishing the proper electro- 
static field through which the beam may move, is positioned essentially con- 
centric with the delay line. Because of its position relative to the delay 
line, it affects the pass band of that structure. Cold-test measurements 
should be taken with this electrode in place in order to ascertain that no 
radical shift in the design parameters occurs. 

The delay circuit is coupled to the rectangular waveguide by means of a 
ridge waveguide, which is tapered from the delay line to the output window. 
The inpvt impedance of the delay line is estimated by using an approximate 
equation for the parallel strip transmission line, as follows: 

(6) 

where 
Zjn is the strip-line impedance in ohms, 

s is the spacing between fingers in meters, 

h is the depth of the fingers in meters, 

^4 is the permeability of free space, and 

£ is the permittivity of free space. 

A linear section of the proposed delay line was constructed for cold- 
test purposes. The matching of this line to the rectangular X-band waveguide 
v«s accomplished with a tapered section. The line dimensions are as follows: 



finger length 0.5 cm 

finger depth 0.25 cm 

finger width 0.0^ cm 

spacing between fingers - - 0.05 cm 

length of tapered section - 10 cm. 

Curves of return loss and insertion loss are shown in Figures 3 and 4,. 

Electron Gun Design 

One characteristic of the gun structure chosen is its apparent separation 
from the rf section of the tu^e.    In this design,  the surface of the cathode 
is at least partially protected from the effects of back bombardment.    In 
order to evaluate the original gun design prior to assembly of the final tube, 
electron trajectories were plotted on the particle trajectory tracer in the 
Electron Tubes Division,  USAEL.    The electron ballistic equations in cylin- 
drical coordinates are as follows: 

(7) 

(8) 

(9) 

These equations were progranrned on an analog computer, and the tentative 
gun design dimensions were scaled up in size so that a cross-sectional design 
could be fitted on the Poisson cell for trajectoiy plots.    The trajectory 
tracer system and a ciose-up view of the Poisson cell, which simulates the 
tube geometry, are shown in Figures     and 6.    The programmed flow diagrams 
are shown in Figures 7 and 8.    Figure 7 shows the program used to obtain 
equipotential plots of the scaled electrodes.    These equipotential plots are 
shown in Figure 9. 

Plots of electron gun trajectories with a cylindrical    cathode are shown 
in Figure 10.    In an effort to improve the laminarity of the beam,  it was de- 
cided to tilt the cathode approximately 10 degrees.    Trajectories obtained 
under this condition are shown in Figures 11 through U.    There appears to be 
a noticeable improvement in the laminarity of the electron stream when util- 
izing the tilted cathode.     Figure 15 is a plot of trajectories obtained when 
the magnetic field is increased to 2500 gauss.    At this value of naqnetic 
field, the electron trajectories follow a path close to the sole electrode. 
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Tub» Conitmction and Evaluation 

Datign and operational data talactad for this dtvic« are ahown below. 

Frequency Range   8500 - 10,000 Mc 

Peak Power Output  150 lew 

Duty Cycle  0.002 

Maximum Anode Voltage  30,000 volts 

Maximum Accelerator Voltage - 12,000 volts 

Sole Voltage Approximately - -5,000 volts 

Peak Anode Current Approx. - 20 anps 

Magnetic Field Density  2650 gauas 

Estimated Efficiency -   25% 

Minimum Wave Delay Ratio - - (c/v) Min =10.6 

Maximum Wave Delay Ratio - - (c/v) Max = 13.25 

Cathode Area — 4 cm2 

Anode Radius  1.5 cm 

Distance anode to sole  d - 0.4. cm 

Circuit Pitch  p = 0.1cm 

Finger Length  L = 0.5 cm 

Finger Width  w= 0.05 cm 
Finger Depth  h= 0.25 cm 
Spacing Between Fingers   s=0.05cm 

Number of Active Fingers — N = 50 

During the early phases of the program it was planned to use a ceramic 
back wall in the construction of this device. However, it was discovered 
later that the ceramic, although available, could not be obtained with the 
dimensional tolerances desired. Consequently, a metal back wall was incorpor- 
ated into the design. 

Figure 16 shows a cross-sectional view of the gun and interaction region 
of the tube. In addition to the gun and interaction circuit already de- 
scribed, it can be seen that a water channel is incorporated in the device 
for cooling purposes. One wall of this channel forms the back wall of the 
interdigital circuit. The effect on the circuit, in addition to cooling, is 
to add reactive loading to the delay line, which tends to raise the lower cut- 
off frequency. Both ends of the interdigital delay line are coupled to the 
external waveguide circuit by means of tapered sections. This permits the 



direct measurement of insertion loss of the tube. Block diagrams showing the 
set-ups used in measuring return loss and insertion loss are shown in Figures 
17 and 13. Recorded results of the measurements over the operating band are 
shown in Figures 19 and 20. It is important that the alignment of the fin- 
gers be accurately maintained. If this is neglected, stop bands will be 
created in the operating frequency range. The evacuated portion of the tube 
is separated from the external waveguide by triple-iris windows. A curve 
showing the transmission through the window is shown in Figure 21. As noted 
from the curve, the windows have a negligible effect on the over-all char- 
acteristics of the tubes. 

Interdigital circuits of this type are necessarily complex and difficult 
to machine to the desired tolerances. Although the line was fabricated by 
outside shops which specialize in machining structures of this type, the fin- 
gers of the periodic structure were out of alignment enough so that predicted 
theoretical performance was not realizable in practice. 

A block diagram of the hot-test set-up is shown in Figure 22, and a 
picture of the hot-test station is shown in Figure 23. This test station 
was used to check the rf transmission through this structure over the oper- 
ating band. A plot of the insertion loss of the tube measured with this 
equipment is shown in Figure 24. The tube depicted in Figure 25 utilizes two 
ports to couple the interdigital circuit to the external waveguide; thus, a 
check on the tube amplifying characteristics was made using the test set-up 
shown in Figure 22. The CW signal from the generator is passed into the tube 
where it is amplified. The detected output pulse, as viewed on the oscillo- 
scope, shows a good reproduction of the input voltage pulse.  In Figure 26, 
several detected scope signals are displayed. Since the operating voltages 
were extremely low, the gain was also quite limited. The reason the desired 
voltages could not be attained either in processing or during the test was 
that the accelerator electrode was tilted from its normal position, which 
was determined by x-ray examination of the tube. 

Discussion of Results 

The gun design is such that the electric field is strongest at the exit 
point of the structure and becomes rapidly weaker as it is moved away from 
the interaction area. Since the emission is strongly dependent on this field, 
it is apparent that only a small part of the cathode is effective.  In ad- 
dition to this, any possible back bombardment would first affect the area of 
the gun nearest the interaction region. One  possible solution to the unequal 
emission problem is that in addition to tilting the cathode, as was done in 
this device, the accelerator be tilted so that it is nearly parallel to the 
cathode. This would correct the emission problem which now exists. Cor- 
rections in the design of a modified gun could be analyzed using a computer 
system, after which the beam testers could be constructei for practical 
analysis. 

The interdigital delay line uses a metal back wall to support the line. 
This back wall shunts the periodic circuit with a varying reactance.  In the 



present tub«, coupling to the external circuit is achieved by means of a 
tapered section to the external waveguide.    The cut-off frequency of the wave- 
guide, and thus the circuit, is limited to approximately 6.6 kMc.    It has been 
suggested that ceramic be used to support the line since the circuit band- 
width would then be increased.    One change that might be necessary in a new 
device is that the coupling to the external circuit would be made using a 
strip line or coaxial line.    In addition, another power supply is then needed 
to isolate the periodic circuit from the body of the tube. 

One of the major problems in devices of this type is the proper align- 
ment of the fingers of the periodic line.    Discontinuities in the finger spac- 
ings cause high reflections from the circuit which give rise to stop bands in 
the operating frequency ranqe.    Improved tut» fabrication techniques now avail- 
able would solve this problem. 

CONCLUSIONS 

The results of the evaluation indicate that the design approach pursued 
is feasible,  even though the performance characteristics of the tube fall 
short of the design goals. 

Readily available design and fabrication techniques applied in a 
straightforward engineering manner vvould result in the development of a tube 
with improved electron gun character'.stics and improved,  slow-wave structure 
features.    This,  in turn, would lead +o vastly improved oveivall tube perfor- 
mance.    Due to the high priority of other programs, however,  there are no 
plans at the present time to proceeri further with this program. 
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8.75   1 9.4 R 

FIG. 19     TUBE   RETURN   LOSS   IN   db 
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FIG. 20     TUBE     INSERTION    LOSS    IN   db 
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FIG.   21     TUBE   WINDOW   INSERTION 

LOSS   CHARACTERISTIC IN db 
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ummrnmM 
ummmmmmM 
H O H R a i N P i f f s s i B l 

m m m m m u m . 

K HI Kftfl EE m m 3TT 3 
T H E UPPER P U L S E S O F BOTH PICTURES ARE 

T H E VOLTAGE PULSES A P P L I E D TO THE ACCELERATOR OF 

THE TUBE, T H E O T H E R P U L S E S A R E P I C T U R E S O F 

T H E D E T E C T E D R . F . O U T P U T O F T H E T U B E , T H E 

O P E R A T I N G C O N D I T I O N S A R E A S F O L L O W S . 

V O L T A G E P U L S E 

ACCE L ERATOR BIAS 
V OLTA G E 

SOLE TO CATH ODE 
VOLTAG E 

P I C T U R E *1 

2 .8 5 K v 

I • 3 5 K v 

2 K v 

T H E BODY TO C A T H O D E 
V O L T A G E P U L S E 

M A G N E T I C F I E L D 

5 K v 

2 - 6 K G A U S S 

PI C T U R E * 2 

3 . 4 2 K v 

1.3 K v 

2 K v 

5 K w 

2 . 6 K G A U S S 
FIG. 26 - OSCILLOSCOPE PATTERI1S 
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